on behalf of the Asia Knee Research Team (AKRT)* Background: Anatomical variation may represent a challenge in achieving a close fit between a prosthesis and a patient's osseous geometry in total knee arthroplasty (TKA). The purposes of this study were to determine whether the shape of the distal part of the femur differs among ethnicities, whether these differences affect the fit of the femoral component of a standard prosthesis, and whether the additional availability of a femoral component with a reduced mediolateral dimension for the same anteroposterior dimension improves femoral component fit across ethnicities.
A close match between the dimensions of the prosthesis and the patient's osseous geometry is important for an optimal outcome of a total knee arthroplasty (TKA) [1] [2] [3] . Several studies have demonstrated poorer functional outcomes related to overcoverage by the femoral component (over-hang) 1, 3 , whereas undercoverage by the femoral component (underhang) leads to increased blood loss through exposed cancellous bone [4] [5] [6] and in theory could increase the risk of osteolysis secondary to elaboration of wear particles 7 .
Because TKA is widely performed across diverse ethnic groups, anatomical variation presents a challenge in device design 8, 9 . One of the strategies to improve femoral component fit is to make available a narrow femoral com-ponent with the same anteroposterior diameter as the standard option but a reduced mediolateral diameter. However, there is limited information in the literature regarding whether the additional availability of a narrower Clinical intraoperative photographs showing the dimensions measured in this study. Before bone resection, the anteroposterior heights of the medial and lateral femoral condyles were measured (Figs. 1-A and 1-B). After bone resection, the mediolateral widths at the level of the condyles (anterior border of the posterior chamfer cut) ( Fig. 1-C) , junction (posterior border of the anterior chamfer cut) ( Fig. 1-D) , and trochlea (anterior border of the anterior chamfer cut) ( Fig. 1-E) were measured.
femoral component improves prosthetic fit among various ethnic groups 10 . We sought to address this issue by using direct intraoperative measurements in a prospective cohort of patients of various ethnicities who were undergoing TKA. Our purposes were to determine whether the shape of the distal part of the femur differs between Asians and Caucasians and among different Asian ethnicities; (2) if so, whether these differences affect femoral component fit, resulting in different prevalences of overhang or underhang between Asians and Caucasians and among different Asian ethnicities; (3) whether femoral component overhang is more prevalent at the condylar, junctional, or trochlear level; and (4) whether the additional availability of a femoral component with the same anteroposterior dimension as the standard component but a reduced mediolateral dimension improves femoral component fit across ethnicities.
Materials and Methods

Study Design and Setting
A multicenter, prospective, observational study was conducted at 11 arthroplasty centers in 5 countries (Australia, China, India, Japan, and Korea) from May 2011 to July 2014. Intraoperative knee measurements were collected during 967 TKAs using the same prosthesis (Genesis II; Smith & Nephew) in 119 Caucasians residing in Australia and 212 patients in each of 4 Asian ethnic groups, including Chinese, Indian, Japanese, and Korean. Research ethics approval was obtained from the regional ethics committee of each center, and all patients gave signed informed consent. 
TABLE II Distribution of Sizes of Final Femoral Components for Females and Males in Ethnic Groups
Participants/Study Subjects
All patients who presented with non-inflammatory degenerative arthritis of the medial compartment determined to be best treated with TKA were screened for eligibility for the present study, and their data were entered into a screening log. Patients who had had major, non-arthroscopic surgery on the involved knee, lateral knee compartment disease (e.g., a valgus knee), or serious medical infirmity (e.g., Parkinson disease, Alzheimer disease, or a cerebrovascular accident with a neurological deficit) were excluded. Preoperative assessments included recording of demographic information and medical history, clinical evaluation with the Knee Society Score (KSS), and use of the Knee injury and Osteoarthritis Outcome Score (KOOS) patient-reported questionnaire. Patients also underwent preoperative radiographic evaluation with anteroposterior, lateral, and Merchant (or skyline) patellar views. Patient demographics are summarized in Table I .
Surgical Procedure and Data Analysis
All patients underwent TKA with the Genesis II prosthesis. During surgery, anthropometric data were measured for each knee according to a predefined protocol and entered into case report forms. After adequate exposure, all osteophytes were removed from the anterior, medial, and lateral aspects of the femur to ensure accurate measurement of true femoral dimensions. Five dimensions were measured for each knee. The first 2-the anteroposterior heights of the medial and lateral femoral condyles-were measured before bone resection (Fig. 1 ). The femoral component size was then selected at the discretion of the operating surgeon using predefined guidelines that recommended choosing a component with an anteroposterior dimension closest to the measured anteroposterior dimension, with consideration of gap information if the surgeon measured gaps. The remaining 3 knee measurements, made after bone resection, were the mediolateral width at the level of the condyles (anterior border of the posterior chamfer cut), the mediolateral width of the junction (posterior border of the anterior chamfer cut), and the mediolateral width of the trochlea (anterior border of the anterior chamfer cut) ( Fig. 1 ). The amount of distal femoral resection, which was decided by the surgeon by taking into account component thickness and the degree of flexion contracture, ranged from 7.0 to 13.5 mm. All measurements were made to the nearest 1 mm using special calipers for neurosurgery (item number AA845R; B. Braun-Aesculap). Four ratios were calculated from the 5 measurements to determine the shape of the distal part of the femur: the condylar, junctional, and trochlear aspect ratios (calculated by dividing the measured mediolateral widths at these levels by the anteroposterior height of the lateral condyle) and the anteroposterior height of the lateral condyle divided by the anteroposterior height of the medial condyle. These 4 ratios were compared among the different ethnic groups to determine whether the shape of the distal part of the femur differed among these groups.
The mediolateral anthropometric measurements performed intraoperatively were used to calculate the "goodness of fit" of the standard Genesis II femoral component. This calculation was performed postoperatively by subtracting the known mediolateral width of the Genesis II component from the mediolateral width at each of the 3 levels of the femur after resection. A cutoff value of 3 mm was used to define the goodness of fit 1 , with a positive value of ‡3 mm denoting underhang (the femoral component is narrower than the distal part of the femur) and a negative value of ‡3 mm denoting overhang (the component is wider than the distal part of the femur). Values between 2 3 mm and 13 mm denoted the "perfect fit" scenario. A knee was labeled as having overhang if overhang was seen at any of the 3 regions (condylar, junction, or trochlear), as having a perfect fit if it had perfect fit at all 3 levels or perfect fit at 2 levels and underhang at 1, and as having underhang if there was underhang at all 3 levels or underhang at 2 levels and a perfect fit at 1. We also calculated the "goodness of fit" for scenarios in which, in addition to the standard femoral component, a narrow version (mediolateral dimension decreased by 3 to 4 mm) was available for selection and the narrow version was chosen only when there was overhang at any of the 3 levels. To do this, we virtually treated, using the narrow version, only those knees that had overhang with the standard version. The knees that showed "perfect fit" with the narrow version were then added to the pool of knees with "perfect fit" of the standard prosthesis to determine the perfect-fit rate when both standard and narrow versions were available.
Statistical Analysis
In the analysis of whether the shape of the distal part of the femur differed among ethnicities, female aspect ratios were compared among the ethnicities to negate the confounding effect of sex and size on aspect ratios. The size distribution of the femoral components in the men differed between the Australian and Asian groups, with the vast majority of Australian males being treated with size 7 or 8 while very few Asian males were treated with size 7 and none were treated with size 8 (Table II) . Additionally, the numbers of male patients in the Japanese and Korean groups were small. One-way analysis of variance (ANOVA) and Kruskal-Wallis tests were used to compare continuous variables among ethnicities. The Tukey test in conjunction with post hoc analysis was used for comparing pairs of means within ethnic groups. The prevalences of component fit were compared among ethnicities using the Fisher exact test.
Results
T he sizes and shapes of the knee differed not only between
Caucasians and Asians but also among the different Asian ethnicities (Table III) . The Caucasian group had larger anteroposterior dimensions of the lateral condyle and larger mediolateral dimensions at the condyles and junction than the Asian group. In contrast, the mediolateral dimensions at the trochlear level were larger in the Asian group, in particular in the Chinese and Japanese patients, compared with the Caucasian group. In terms of shape, Asian patients had wider femora (a higher aspect ratio) at all 3 levels, but more so at the trochlea, compared with the Caucasian patients. There was wide interindividual variability in the mediolateral widths within ethnicities.
Prevalences of overhang or underhang differed between Asians and Caucasians and among different Asian ethnicities. Differences in shape among ethnicities somewhat accounted for these differences (Figs. 2, 3, and 4 ). Caucasian patients' knees displayed the maximum percentage of overhang while the knees in the Japanese group displayed the minimum, in line with their corresponding aspect ratios. Overhang was more frequent at the trochlea and the junction than at the condylar level (Figs. 2, 3, and 4) .
The additional availability of a narrow femoral component improved the component fit more in females than in males. The availability of both the standard and the narrow versions for females improved the perfect-fit rate from 34.7% Fig. 3 Pairwise comparisons of values at the junction level revealed the following significant differences. Aspect ratio: Australia versus China, Japan, and Korea;
China versus Australia and Japan; India versus Japan; Japan versus Australia, China, and India; and Korea versus Australia. Overhang: Australia versus China, Japan, and Korea; China versus Australia and India; India versus China, Japan, and Korea; Japan versus Australia and India; and Korea versus Australia and India. Perfect fit: Australia versus Korea; China versus India and Korea; India versus China, Japan, and Korea; Japan versus India and Korea;
and Korea versus Australia, China, India, and Japan. Underhang: Australia versus China, India, and Japan; China versus Australia and Korea; India versus Australia and Korea; Japan versus Australia and Korea; and Korea versus China, India, and Japan.
(with the standard version alone) to 55.1% (p = 0.03) in the Australian group, from 61.9% to 67.9% (p = 0.15) in the Chinese group, from 37.4% to 47.7% (p = 0.04) in the Indian group, from 55.7% to 59.6% (p = 0.26) in the Japanese group, and from 68.5% to 83.7% (p < 0.01) in the Korean group. In contrast, the availability of both the standard and the narrow versions improved the perfect-fit rate only marginally in the Australian, Chinese, and Indian males. The narrow version was not required for any males in the Japanese and Korean groups (Table IV) .
Discussion
W e found significant differences in the shape of the distal part of the femur between Asians and Caucasians and among different Asian ethnicities even after using a robust statistical test. Several authors have compared the morphology of *A component was considered to have a perfect fit when there was a perfect fit at all 3 levels or a perfect fit at 2 levels and underhang at 1 level. Underhang was defined as underhang at all 3 levels or a perfect fit at 1 level and underhang at 2 levels. †The narrow version was used when there was overhang at any level. ‡One-sided Fisher exact test.
Fig. 4
Pairwise comparisons of values at the trochlear level revealed the following significant differences. Asian patients' knees with the dimensions of TKA prostheses and suggested that currently available prostheses do not fit Asian patients well because of differences in knee shape between Cau-casians and Asians 3,11-15 . However, there have been few direct comparisons of osseous morphology between Caucasians and Asians 8, 16 . Our finding of larger aspect ratios in Asian populations compared with a Caucasian population differs from that of Yue et al. 16 but is in line with that of Mahfouz et al. 8 . It is also in agreement with a recent systematic review comparing morphologic features of the knee among patients of various races 9 . We found that the knees of Caucasian patients were narrower at the condylar and trochlear levels, although more so at the trochlear level, giving them a more triangular shape as compared with a more rectangular shape in the Asian ethnic groups. We wished to determine whether these differences in knee shape among ethnicities resulted in different prevalences of component fit. While the prevalences of component fit did differ between Asians and Caucasians and among different Asian ethnicities, differences in shape only partly accounted for those findings. For example, the Caucasian patients' knees displayed the maximum prevalence of overhang while the Japanese patients' knees displayed the minimum, in line with their corresponding aspect ratios. However, despite similar aspect ratios, the knees of the Chinese and Indian patients displayed significant differences in the prevalences of overhang as well as of perfect fit (Figs. 2, 3, and 4) . We believe 2 factors may explain these differences. First, component-size selection may vary by surgeon technique. The prevalence of overhang would be lower if a surgeon downsizes more often and higher if he/she is more likely to upsize. Surgeons may tend to downsize the femoral component in some female patients because of difficulties in accommodating the mediolateral dimension of the prosthesis to the optimal anteroposterior dimension 17 . Second, this decision may vary depending on whether a posterior-stabilized or cruciateretaining prosthesis is used. Surgeons using a posterior-stabilized prosthesis are more likely to upsize the femoral component to manage the relatively large flexion gap caused by sacrificing the posterior cruciate ligament (Table V and Fig. 5 ). At present, we cannot clearly identify the level along the femur at which anteroposterior overhang is most frequent or most clinically relevant. On the basis of the literature and our own observations, the anterior portion of the femur seems to have a higher prevalence of overhang than the posterior portion 1, 2, 18, 19 (Table VI ) and, on the basis of a recent study, it seems that the anterior portion (trochlear level) may also be the most clinically relevant 20 .
Whether the narrow version of the femoral component adequately addresses overhang and whether it is required for both males and females are subjects of debate. Some authors have reported that using the narrow version when appropriate could almost completely eliminate the occurrence of overhang 18 . However, others have found that use of the narrow (sex-specific) version does not completely eliminate overhang in female patients 17, 19 . They have thus suggested that additional geometric modifications of the narrow version may be required to accurately match female femoral anatomy. We found that although use of the narrow version significantly reduced the overhang rate in females in all 5 of the ethnic groups, there was still scope for further reduction.
While several authors have found the prevalence of overhang with the standard prosthesis to be negligible in males 17, 18 , and therefore suggested that a narrower version may not be required for male patients at all, others have found that the narrow version would be required in 30% to 67% of males 19, 21 . We found that up to 19% of males had ‡3 mm of overhang and would therefore need the narrow version.
There are concerns that always using the narrow sexspecific prosthesis in women as a strategy to prevent overhang results in a substantial percentage of underhang, with an 89% underhang rate reported in 1 study 4 . The current study demonstrates, however, that having both options available, and using the narrow version only when overhang is encountered with the standard version, can prevent overhang in a sizeable percentage of the population without unduly increasing the prevalence of underhang. These findings are in line with those of 2 recent studies 10, 21 . In 1 of them, Dai et al. compared the fit of 6 different prosthetic designs in 3 ethnic groups and found that prostheses that offered multiple mediolateral/anteroposterior shape options reduced the overhang prevalence to zero 10 . In the other study, performed to evaluate how sex-specific or morphology-specific TKA prostheses improve component fit in the distal part of the femur in a Chinese population 21 , the highest perfect-fit rate was achieved when both the standard and the corresponding sex or morphology-specific knee prostheses were available. One of the potential drawbacks of providing additional mediolateral shape options is the increase in inventory, but we found that most cases of overhang involved sizes 5 to 8. This finding is supported by previous studies that also showed overhang to be more prevalent with larger sizes 1, 13 . Therefore, we propose that the narrow version be made available only for these sizes. This study had a number of limitations. First, only 1 design of TKA was used and it is not clear whether our conclusions can be extended to other designs. Second, as the study involved multiple centers and surgeons, surgical techniques and preferences may have biased the results. However, this is unlikely as all TKAs were performed by experienced surgeons who were diligent about balance and joint height. Third, we measured mediolateral widths after bone resection, and the amounts of distal femoral resection might have influenced measurements. However, since the mediolateral widths left after bone resection are more relevant to the design of femoral components, we believe that our measurement protocol provided more relevant information. Fourth, we restricted our study cohort to patients with medial compartment osteoarthritis and our results may not be applicable to those with predominantly lateral compartment or patellofemoral osteoarthritis. Fifth, all of our Caucasian patients were from Australia and may not have the same knee dimensions as patients from Europe or North America. Finally, outcomes for patients with overhang were not evaluated in this study so we cannot make any conclusions about the clinical implications of overhang.
In conclusion, the shape of the distal part of the femur differed between Caucasian patients residing in Australia and Asian patients and among Asian ethnicities. These differences along with interindividual variations and surgeon factors account for different prevalences of component fit across ethnicities with the same prosthesis. The additional availability of a femoral component with a reduced mediolateral dimension for the same anteroposterior size has the potential to reduce overhang and improve component fit across ethnicities. n 
